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a b s t r a c t
Insects are ideally suited for gaining insight into the evolutionary developmental mechanisms that have led to
adaptive changes of the nervous system since the speciﬁc structure of the nervous system can be directly
linked to the neural stem cell (neuroblast) lineages, which in turn can be traced back to the last common
ancestor of insects. The recent comparative analysis of the Drosophila melanogaster and Tribolium castaneum
neuroblast maps revealed substantial differences in the expression proﬁles of neuroblasts. Here we show that
despite the overall conservation of the dorso-ventral expression domains of muscle segment homeobox,
intermediate neuroblasts defective and ventral nervous system defective, the expression of these genes relative to
the neuroblasts in the respective domains has changed considerably during insect evolution. Furthermore,
functional studies show evolutionary changes in the requirement of ventral nervous system defective in the
formation of neuroblast 1-1 and the correct differentiation of its presumptive progeny, the pioneer neurons
aCC and pCC. The inclusion of the expression data of the dorso-ventral genes into the recently established
T. castaneum neuroblast map further increases the differences in the neuroblast expression proﬁles between
D. melanogaster and T. castaneum. Despite these molecular variations, the Even-skipped positive pioneer
neurons show an invariant arrangement, except for an additional Even-skipped positive cluster that we
discovered in T. castaneum. Given the importance of these pioneer neurons in establishing the intersegmental
nerves and the longitudinal tracts, which are part of the conserved axonal scaffold of arthropods, we discuss
internal buffering mechanisms that might ensure that neuroblast lineages invariantly generate pioneer
neurons over a wide range of molecular variations.
& 2015 Elsevier Inc. All rights reserved.
Introduction
Insects belong to the most diverse and species rich animal
phylum with over 1 million described species. Despite the high
variation in shape and behaviour, the nervous system shows a
conserved structure consisting of a tripartite brain, which is con-
nected to the rope-ladder-like axonal scaffold of the gnathal and
trunk ganglia (Anderson, 1973; Cong et al., 2014; Scholtz and
Edgecombe, 2006). Although in many cases ganglia are fused in
the adults, the conserved axonal pattern is initially established in all
insect embryos. This raises the question of which mechanisms
determine the developmental robustness of axonal scaffold forma-
tion on one hand and how evolutionary modiﬁcations have been
implemented to accommodate structural and functional morpholo-
gical changes in the individual species on the other hand.
In insects the nervous system is generated by neural stem cells
(neuroblasts), which arise from the neuroepithelium. In the part of
the neuroepithelium which gives rise to the ventral nerve chord
(thoracic and abdominal ganglia), the arrangement of individual
neuroblasts has been compared in several different insect species
(Bate, 1976; Breidbach and Urbach, 1996; Doe, 1992; Doe and
Goodman, 1985; Hartenstein and Campos-Ortega, 1984; Shepherd
and Bate, 1990; Tamarelle et al., 1985; Truman and Ball, 1998).
Neuroblast maps have been established mainly for thoracic hemi-
neuromeres and show a striking conservation in their arrangement.
Since neuroblasts have evolved in the last common ancestor of
hexapods and crustaceans, they can be considered as homologous
structures (Eriksson and Stollewerk, 2010). The homology has even
been extended to individual neuroblasts in several cases where
neuroblasts located in similar positions were shown to produce the
same lineages in different insect and crustacean species (Thomas
et al., 1984; Ungerer and Scholtz, 2008). Even-skipped (Eve), for
example, is one of the early motor and interneuronal markers that
revealed conserved subsets of pioneer neurons in hexapods and
crustaceans (Duman-Scheel and Patel, 1999; Thomas et al., 1984).
In Drosophila melanogaster detailed molecular and morpholo-
gical data are available for every single ventral neuroblast and its
lineage (Doe, 1992; Landgraf et al., 1997; Schmid et al., 1999;
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Schmidt et al., 1997). We have recently established a neuroblast
map for the ﬂour beetle Tribolium castaneum based on parameters
that have been used for the published neuroblast map of
D. melanogaster (Biffar and Stollewerk, 2014; Doe, 1992). The data
show that for almost all neuroblasts the relative positions in the
ventral hemi-neuromeres are conserved; however, in over half of
the neuroblasts the time of formation as well as the gene
expression proﬁle has changed (Biffar and Stollewerk, 2014). Thus,
there seems to be a strong developmental constraint to maintain
the precise arrangement despite molecular changes. The T. castaneum
neuroblast map now provides a framework for comparing individual
neuroblasts and their lineages in D. melanogaster and T. castaneum as
well as for understanding the correlation between molecular varia-
tion and evolution of morphology.
In D. melanogaster pre-patterning mechanisms in the ventral
neuroectoderm (VNE) result in the precise positioning of neuroblasts
in each neuromere (reviewed by Skeath (1999)). In addition, the
patterning mechanisms result in the generation of unique neuroblast
expression proﬁles, which in turn determine the number and identity
of progeny produced in each lineage (e.g., Skeath and Thor, 2003; Thor
and Thomas, 1997). For example, the combinatorial expression of
huckebein, fushi tarazu, prospero and pdm1 is required in the neuroblast
lineage 4-2 for the activation of eve expression and thus the correct
differentiation of the RP2 motoneurons which emerge from this
lineage (McDonald et al., 2003). Furthermore, the importance of the
pre-patterning mechanism for the identity and composition of neuro-
blast lineages was demonstrated by heterochronic transplantation
experiments (Berger et al., 2001).
Here we focus on the dorso-ventral patterning genes ventral
nerve cord defective (vnd), intermediate neuroblast defective (ind)
and muscle segment homeobox (msh). The genes are expressed in
three longitudinal columns in the ventral neuroectoderm both in
D. melanogaster and T. castaneum (Skeath, 1999; Wheeler et al.,
2005). In D. melanogaster, the boundaries between the expression
domains of the medial dorso-ventral patterning gene vnd and the
intermediate gene ind are maintained by mutual repression. This is
not the case in T. castaneum. Although Tc-vnd seems to repress the
medial expansion of Tc-ind expression domain in the neuroecto-
derm of T. castaneum, Tc-vnd expression is largely unchanged in
Tc-ind loss of function embryos (Wheeler et al., 2005). Furthermore,
the separate expression domains of ind and the lateral dorso-ventral
patterning gene msh are maintained by ind repressing msh in
D. melanogaster, while this seems not to be the case in T. castenum
(McDonald et al., 1998; Weiss et al., 1998; Wheeler et al., 2005).
However, in both insects 80–90% of neuroblasts are missing in the
respective domains in vnd and ind loss of function embryos, whilemsh
seems not to be required for the formation of neuroblasts (Chu et al.,
1998; Weiss et al., 1998; Isshiki et al., 1997; Wheeler et al., 2005).
Although the expression of the dorso-ventral patterning genes has
been described in T. castaneum, it has not been related to individual
neuroblasts. Using the previously established T. castaneum neuroblast
map (Biffar and Stollewerk, 2014), we show here signiﬁcant variations
in the expression of the dorso-ventral patterning genes in individual
neuroblasts between T. castaneum and D. melanogaster. In order to
elucidate the consequences of these variations, we compare the
pattern of pioneer neurons that establish the axonal tracts in these
insect species and analyse the role of Tc-vnd in the formation of the
Eve pattern by RNA interference (RNAi).
Materials and methods
In situ detection of expression patterns and documentation
Antibody and nuclei staining as well as in situ hybridisation
and documentation were performed as described in Biffar and
Stollewerk (2014). In addition to the standard antibodies described
in Biffar and Stollewerk (2014), we used the anti-Even-skipped
antibody 3C10 (1:20) produced against grasshopper Eve (Patel
et al., 1992), which cross-reacts with the Eve protein in T. castaneum
(Brown and Denell, 1996). Furthermore, we used the anti-
Engrailed antibody (4D9, 1:20), produced against D. melanogaster
Engrailed/Invected, which has been shown to detect Engrailed
antigens in various arthropods and other invertebrates (Patel et al.,
1989).
PCR cloning
Standard procedures were used for PCR cloning. Primer
sequences were designed using the freely available Primer3 soft-
ware (primer3.sourceforge.net). The sequenced T. castaneum gen-
ome (Tribolium Genome Sequencing Consortium et al., 2008)
allowed for designing speciﬁc primers for ampliﬁcation of the
desired gene fragments from cDNA. Primers were ordered from
Sigma Aldrich Ltd. UK.
Embryonic RNA interference
RNA interference was performed as described by Posnien et al.
(2009). The following primers were used for amplifying DNA
fragments of Tc-vnd which were used to produce double-
stranded RNA:
Number Forward Reverse Length (bp)
1 TTACACTCC-
CATCACCAGCA
GAACATCGGC-
CACTGAATTT
800
2 CCATCCTGCC-
CAACTCAG
TGACCTGACC-
GAAACAACAA
726
3 AAAACAA-
CAACCCCTTGC-
CG
TTGTACAATT-
GAGAACGAAGC
504
4 GGCAAGCCCT-
GTCTCAGTG
ATGTAGACTA-
GAACATCGGC-
CAC
401
5 ACTGGACC-
GATGG-
GAAATCC
CTAGCTTGCTG-
GTCGGTGAG
398
Primer pairs 1 and 2 amplify fragments that include the
homeodomain, while the remaining primers exclude the con-
served region. Primer pair 5 is located in the ORF upstream of
the homeodomain, 3 and 4 are located in the ORF downstream of
the homeodomain.
Results and discussion
In the following we compare our results in T. castaneum mainly
to the published data in D. melanogaster because our knowledge
on the dorso-ventral patterning genes in other arthropods is
fragmentary. This is followed by overall conclusions on the
contribution of our ﬁndings to understanding the evolution of
the arthropod nervous systems.
Comparative analysis of the expression of the dorso-ventral
patterning
Ventral nervous system defective (vnd)
We analysed the expression patterns of the columnar genes in
order to correlate their expression with speciﬁc neuroblasts.
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Neuroblasts can be distinguished by their size and unique position
in the neuromeres (Biffar and Stollewerk, 2014). Tc-vnd is
expressed in a dynamic pattern before the formation of neuro-
blasts (Suppl. Fig. 1A and E). The early expression in two contin-
uous columns on either side of the presumptive midline before
gastrulation is similar between the two insect species D. melanogaster
and T. castaneum (Suppl. Fig. 1A) (Jimenez et al., 1995; Mellerick and
Nirenberg, 1995; Wheeler et al., 2005).
After gastrulation, however, signiﬁcant differences are notice-
able. While in T. castaneum Tc-vnd expression becomes reduced to
a circular median area in each forming segment (Suppl. Fig. 1A and
E), D. melanogaster vnd is expressed continuously in the medial
neuroectoderm before and during delamination of the median
neuroblasts (Chu et al., 1998). However, shortly before neuroblasts
are formed in T. castaneum, Tc-vnd expression extends along the
anterior–posterior axis so that the gene is expressed in the ventral
midline and along the medial column of the VNE. A gap in the
expression is visible in the anterior part of the segments corre-
sponding to the area from which row two neuroblasts delaminate
(Fig. 1A and B; Suppl. Fig. 1B). Nevertheless, the medial-most
neuroblast of row two, NB 2-1, which arises from the
neuroectodermal area devoid of Tc-vnd, expresses the gene after
its delamination during late stages of neurogenesis (from NS12/13
onward; NS, neurogenesis stages NS1 to NS15 according to Biffar
and Stollewerk (2014); Fig. 1D; Suppl. Fig. 1C).
Similar as in D. melanogaster, the T. castaneummedial neuroblasts
2-1, 3-1, 4-1, 5-1, 5-2, 6-1, 6-2 and 7-1 show strong and continuous
expression of Tc-vnd (Fig. 1C, C0, and D; Fig. 2). In addition, NB 7-2,
which is formed early during neurogenesis (Biffar and Stollewerk,
2014) and located in the intermediate column of the VNE, shows a
late expression of Tc-vnd (from NS12/13 onward; Fig. 1D). This is
similar to the case in D. melanogaster where vnd is not expressed in
the early developing NB 7-2 until all neuroblasts are formed (Chu
et al., 1998). Differences between the two insect species occur in the
cases of NBs 1-1, 1-2, and 2-2, which show continuous strong vnd
expression in D. melanogaster (Chu et al., 1998). In T. castaneum,
Tc-vnd seems to be expressed only transiently in the medial anterior-
most neuroblast NB 1-1, since transcripts are scarcely detectable after
its delamination (Fig. 1C and C0), while the gene is not expressed in
NBs 1-2 and 2-2 at all (Fig. 2). Similar to D. melanogaster vnd
(McDonald et al., 1998), Tc-vnd is expressed in neurons in late
neurogenesis stages (Suppl. Fig. 1D).
Fig. 1. Expression patterns of the T. castaneum dorso-ventral patterning genes in identiﬁed neuroblasts. Light (A, C–G) and confocal micrographs (C0 , H) of ﬂat preparations of
the whole germ band (A) and of thoracic segments only (B–H) stained with DIG labelled RNA probes for Tc-vnd, Tc-ind and Tc-msh. The preparations show ventral views;
anterior is towards the top. The ventral midline is indicated by vertical dashed lines; the dashed horizontal lines indicate the segmental borders. (A) At NS8, Tc-vnd is
expressed in the medial VNE. There is a gap in the anterior part of the segments (arrow). Expression is also visible in bilateral spots in the cephalic lobe. (B) Double staining
with Tc-vnd (dark-brown) and the anti-Engrailed antibody (red). Tc-vnd expression is interrupted in the anterior VNE area from which NB 2-1 is generated (arrows). (C, C0)
Tc-vnd positive neuroblasts at NS8. Note the transient expression of Tc-vnd in NB 1-1 (arrow). The image in C0 shows a double staining with Tc-vnd and anti-α-tubulin
antibody (light blue). (D) Tc-vnd positive neuroblasts at late neurogenesis. (E) Tc-ind is initially expressed in four intermediate neuroblasts. The expression becomes rapidely
reduced (see left side of the preparation). (F) At NS7, Tc-ind is expressed in the two posterior intermediate neuroblasts. (G) Tc-msh is expressed in eight neuroblasts in the
lateral column of the VNE. (H) Double staining with Tc-ind (magenta) and the nuclei marker Hoechst (green). During late stages of neurogenesis, Tc-ind is re-expressed in NB
3-2 and expression starts in NB 7-2. Since Tc-ind expression is maintained in NBs 5-3 and 6-3, four intermediate neuroblasts express the gene. Inset: Sagittal optical section
through the boxed-in area showing the expression of Tc-ind in NB 7-3 and its progeny. Scale bar in A¼100 mm; scale bar in C0 ¼10 mm in B–C0; scale bar in F¼10 mm in D–F;
scale bar in G¼10 mm in G, H.
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Intermediate neuroblasts defective
Tc-ind expression in T. castaneum begins shortly after gastrula-
tion (NS3) in clusters of ectodermal cells situated in the inter-
mediate column of the VNE (Suppl. Fig. 2A). Tc-ind is not expressed
in the anterior part of the segments corresponding to the VNE
region from which row one and two neuroblasts delaminate
(Suppl. Fig. 2A). In contrast, in D. melanogaster ind is expressed
in continuous bilateral stripes in the blastoderm and covers the
entire intermediate column of the neuroectoderm prior to neuro-
blast formation (Weiss et al., 1998). Despite the difference in the
neuroectodermal expression pattern, ind expression is limited to
intermediate neuroblasts of rows three to seven in both species
(Fig. 1E, F, and H; Fig. 2) (Weiss et al., 1998). However, we detected
variations in the identity of neuroblasts as well as the time of ind
expression between D. melanogaster and T. castaneum.
In T. castaneum, four ind positive neuroblasts 3-2, 4-2, 5-3 and
6-3 delaminate from the Tc-ind domain in each hemi-neuromere
during early neurogenesis (NS4-6) and initially maintain Tc-ind
expression (Fig. 1E; Suppl. Fig. 2B). Then Tc-ind expression
becomes rapidly restricted to NBs 5-3 and 6-3 (Fig. 1E left hemi-
neuromere, F). During late neurogenesis (NS11) an additional late-
forming neuroblast, NB 7-3 (Biffar and Stollewerk, 2014), expresses
Tc-ind (Fig. 1H). This is in contrast to D. melanogaster where all ind
positive neuroblasts are formed during early stages of neurogen-
esis (Weiss et al., 1998). Furthermore, Tc-ind is re-expressed in NB
3-2 at NS11 so that during late neurogenesis four neuroblasts are
Tc-ind positive (Fig. 1H; Suppl. Fig. 2C). In basal layers of the
neuromeres, Tc-ind is also expressed in neural cells, which are
most likely derived from Tc-ind positive neuroblasts (Fig. 1H,
inset).
While the anterior ind positive neuroblasts (NBs 3-2, 4-2, 5-3)
have the same identities in both species, ind expression in the
posterior neuroblasts varies (Fig. 2). In D. melanogaster, ind
is expressed in the posterior neuroblasts 6-2 and 7-2 (Weiss
et al., 1998); thus there is a median shift of ind expression in
D. melanogaster as compared to T. castaneum indwhich is expressed in
more lateral neuroblasts (NBs 6-3 and 7-3; Fig. 2). One obvious reason
for this difference is that NB 6-3 is missing in D. melanogaster, which
is in contrast to all other insects that have been analysed so far (Doe,
1992).
Similar as in T. castaneum, D. melanogaster ind becomes
restricted to two neuroblasts during mid neurogenesis (Weiss et al.,
1998); however, the identity of the neuroblasts is different. In
T. castaneum the posterior NBs 5-3 and 6-3 maintain ind expression
(Fig. 1F), while in D. melanogaster NBs 6-2 and 7-2 continue ind
expression (Weiss et al., 1998). Furthermore, in D. melanogaster
NBs 6-2 and 7-2 co-express vnd and ind during late stages of
neurogenesis (Chu et al., 1998; Weiss et al., 1998). This is not the
case in T. castaneum where vnd and ind are separately expressed in
NBs 6-2/7-2 and NBs 6-3/7-3, respectively (Fig. 2).
Additional temporal differences in expression between the two
insects can be seen in late neurogenesis stages. In D. melanogaster,
ind expression becomes eventually restricted to a single neuro-
blast (NB 6-2) in each hemi-neuromere (Weiss et al., 1998), while
T. castaneum ind is expressed in four neuroblasts during late
neurogenesis (NBs 3-2, 5-3, 6-3, 7-3; Fig. 1H; Suppl. Fig. 2C).
Muscle segment homeobox
Tc-msh is initially expressed in bilateral clusters in each
segment, which cover the area where the appendages form
(Suppl. Fig. 3A, B, E, and F). As the germ band elongates Tc-msh
expression extends along the anterior–posterior axis and is
detected in the lateral neuroectoderm. However, the expression
does not appear in a continuous band as is initially the case with
D. melanogaster msh (Isshiki et al., 1997), rather, Tc-msh transcripts
appear in clusters in the areas where lateral neuroblasts form
(Suppl. Fig. 3B–F). This expression resembles the second phase of
D. melanogaster msh expression which starts after the formation of
the ﬁrst set of lateral neuroblasts (Isshiki et al., 1997). The initial
msh expression in D. melanogaster seems to reﬂect the ancestral
pattern in arthropods since msh is expressed in a continuous
lateral column in the VNE of chelicerates and myriapods (Döfﬁnger
and Stollewerk, 2010). However, in contrast to D. melanogaster all
neural progenitors arising from the msh domain express msh both
in chelicerates and myriapods.
In T. castaneum, the ﬁrst neuroblasts expressing Tc-msh are
most likely NBs 2-3, 5-4 and 6-4 (Suppl. Fig. 3F). Additional Tc-msh
positive neuroblasts appear over the course of neurogenesis so
that by NS11 eight neuroblasts express the gene (NBs 2-3, 3-3,
4-2, 4-3, 5-3, 5-4, 6-4, 7-4) (Fig. 1G). Interestingly, NBs 4-2 and
5-3 express both Tc-ind and Tc-msh, which is in contrast to
D. melanogaster (Isshiki et al., 1997; Weiss et al., 1998). Furthermore,
only half of the eight Tc-msh positive neuroblasts in T. castaneum are
Fig. 2. Comparison of the expression of the dorso-ventral patterning genes vnd, ind
and msh in T. castaneum and D. melanogaster neuroblasts. Schematic drawing of the
D. melanogaster (A) and T. castaneum (B) neuroblast maps showing vnd in blue, ind
in green and msh in brown. None of the dorso-ventral patterning genes are
expressed in the grey coloured neuroblasts. Please note that the scheme does not
represent a speciﬁc developmental stage but shows which of the 30 neuroblasts of
thoracic hemi-neuromeres express vnd, ind and msh.
Fig. 3. T. castaneum Even-skipped expression in wild type and vnd RNAi embryos. Confocal micrographs (A–G) of ﬂat preparations stained with anti-Eve-antibody (magenta).
The preparations show ventral views; anterior is towards the top. The ventral midline is indicated by the vertical dashed lines; the dashed horizontal lines indicate the
segmental borders. The position of the axonal scaffold is indicated by the solid lines. (A) The positions of the presumptive GMCs that generate aCC/pCC (anterior in the
neuromere) and RP2/RP2sib (medial position in the neuromere) are seen in the ﬁrst abdominal neuromere. In the third thoracic neuromere, which is developmentally
further advanced, aCC and pCC have emerged and migrate to the next anterior neuromere (second thoracic segment). While the presumptive GMC (arrowhead) is still visible
in the third thoracic neuromere, it has generated RP2 and its sibling (arrows) in the second thoracic neuromere. (B–D) The U/CQ neurons are generated after aCC and pCC
have reached their ﬁnal positions posterior to the posterior commissure of the next anterior neuromere. In the anterior lateral area of the neuromere the EL cluster becomes
visible and the newly discovered PEL cluster is located in the posterior lateral area of the neuromere. (E) The control embryo shows the whole set of Eve positive neurons.
(F, G) In vnd RNAi embryos, the UC/Q neurons are missing and the migration and number of aCC and pCC neurons are affected, while the RP2, EL and PEL neurons appear
normal. Please note that the PEL neurons are not visible in F because they do not form until NS14 (shown in G). The migration phenoype is shown in F and the reduction in
the number of aCC/pCC neurons in G. The arrows in F point to aCC/pCC neurons that show a migration defect. The arrows in G indicate a reduced number of aCC/pCC
neurons. (H, J) The schematic drawing summarises the control and vnd RNAi phenotype. T1-t3, thoracic neuromeres 1–3; a1, abdominal neuromere 1. Scale bar in D¼15 mm
in A–G.
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potentially homologous to lateral neuroblasts in D. melanogaster (NBs
4-3, 5-4, 6-4, 7-4) (Fig. 2). In T. castaneum the lateral most neuroblasts
of rows one to ﬁve do not express Tc-msh, while in D. melanogaster
three msh positive neuroblasts are located in the lateral most position
of rows two and three (Fig. 2).
Our data are in contrast to Wheeler et al. (2005) who claim that
“Tc-msh shares the late but not the early phase of msh expression
pattern with Drosophila” and therefore suggest that early forming
neuroblasts are independent of Tc-msh expression, whereas late-
forming neuroblasts rely on Tc-msh to acquire lateral cell fate, as is
the case in D. melanogaster. However, our data show that Tc-msh
expression begins in ectodermal cells outside the neuroectoderm
but the expression extends into the lateral part of the neuroecto-
derm before the ﬁrst neuroblasts delaminate from this area.
Comparison of the expression of Eve in T. castaneum and
D. melanogaster
In order to correlate the consequences of the variations in the
neuroblast expression patterns in D. melanogaster and T. casta-
neum with possible changes in their progeny, we analysed the
expression of the motor and interneuronal marker eve using the
anti-Schistocerca americana antibody 3C10 which also detects
the Eve protein in T. castaneum (Brown and Denell, 1996; Patel et
al., 1992). In D. melanogaster eve is expressed in four neuroblast
lineages and its expression in the neuroblast progeny depends
mainly on the speciﬁc combination of genes active in the
respective neuroblasts (McDonald et al., 2003). Duman-Scheel
and Patel (1999) showed that Eve expression is conserved in
several neurons (aCC/pCC, RP2, U/CQ neurons and EL cluster) in
hexapods and crustaceans.
In T. castaneum Eve expression starts initially in a single
anterior and a single posterior cell in each hemi-neuromere but
after a short period of time two Eve positive neurons are visible at
these positions (Fig. 3A). The positions of these cells resemble the
arrangement of the Eve positive RP2/RP2 sibling and aCC/pCC
neurons in D. melanogaster (Broadus et al., 1995). We therefore
suggest that the ﬁrst two Eveþ cells in T. castaneum are GMCs,
which divide into the aCC/pCC neurons and the RP2 neuron and its
sibling. Further evidence for the homology of these neurons in
both insects comes from similarities in subsequent differentiation
steps. In one of the T. castaneum RP2 neurons Eve expression
decreases rapidly (Fig. 3B and C), which is similar to the case of the
RP2 sibling in D. melanogaster (Broadus et al., 1995). In addition,
the aCC and pCC neurons show a similar migration pattern in both
insects: they migrate from their anterior segmental origin to the
next anterior segment where they come to lie near the junction of
the posterior commissure and the longitudinal connective
(Fig. 3A–E and H) (Broadus et al., 1995).
A cluster of U/CQ neurons is located basally to the aCC and pCC
neurons in both insects (Fig. 3B–E) (Broadus et al., 1995; Duman-
Scheel and Patel, 1999; Schmid et al., 1999). Although the ﬁnal
position of the U/CQ neurons is the same in D. melanogaster and
T. castaneum, the time of formation varies. In D. melanogaster the
U/CQ neurons are formed during migration of the aCC/pCC
neurons (Broadus et al., 1995), while in T. castaneum they are
formed after aCC/pCC arrive at their ﬁnal location (Fig. 3B and C).
Furthermore, the number of U/CQ neurons in D. melanogaster
ranges from four to six cells (Broadus et al., 1995; Duman-Scheel
and Patel, 1999; Schmid et al., 1999), while we counted a
maximum number of ﬁve U/CQ neurons per hemi-neuromere in
T. castaneum (n¼28).
When around two to three U/CQ neurons have formed in
T. castaneum, Eve positive neurons can be detected in the lateral
anterior part of the hemi-neuromeres (Fig. 3C). They seem to
correspond to the Eve-expressing lateral neurons (EL neurons) in
D. melanogaster (Broadus and Doe, 1995). Similar to the case in
D. melanogaster, in the oldest stages analysed up to 13 EL neurons
were counted per hemi-neuromere with an average of 10 EL cells
(n¼18).
Interestingly, we discovered an additional Eve positive cluster
in the posterior lateral part of the hemi-neuromeres, lateral to the
U/CQ cells, in T. castaneum (Fig. 3D). This cell cluster, which we
named the posterior Eve lateral cluster (PEL) on the basis of its
position, consists of up to 7 cells and becomes visible during late
stages of neurogenesis (NS14). It has neither been described in
D. melanogaster nor in any other hexapod or crustacean species
analysed (including basal species such as S. americana and the
springtail Folsomia candida) (Broadus and Doe, 1995; Duman-
Scheel and Patel, 1999) indicating that the presence of the PEL
cluster is a derived feature of T. castaneum or possibly the lineage
leading towards T. castaneum. Due to the additional Eve positive
cluster, the overall number of Eve expressing cells is considerably
larger in T. castaneum (on average 22 cells per hemi-neuromere)
than in D. melanogaster (on average 16 cells per hemi-neuromere)
(Doe et al., 1988).
A new function for Tc-vnd in the migration of aCC and pCC
Functional analyses of Tc-vnd and Tc-ind by RNA interference
(RNAi) showed that the number of neuroblasts is reduced by 80–
85% in the respective columns, while neuroblasts are not affected in
Tc-msh RNAi embryos (Wheeler et al., 2005). Similarly, in D. melano-
gaster up to 90% of neuroblasts are missing in the respective domains
in vnd and ind mutants (Chu et al., 1998; Weiss et al., 1998).
Two neuroblasts within the vnd domain contribute to the
population of Eve positive neurons in each hemi-neuromere in
D. melanogaster. The aCC and pCC neurons are generated by the
ﬁrst ganglion mother cell (GMC 1-1a) of NB 1-1 and the U/CQ
neurons derive from NB 7-1. In Tc-vnd RNAi embryos, the U/CQ
neurons are absent in 96% of the cases (Table 1; Fig. 3F, G, and I).
This is in line with vnd mutant phenotypes in D. melanogaster
where U/CQ neurons are virtually absent (Chu et al., 1998). The
aCC/pCC neurons are also absent in 97.8% of the cases in
D. melanogaster and this correlates mainly with the absence of
NB 1-1 (Chu et al., 1998; McDonald et al., 1998; Mellerick and
Modica, 2002). However, in T. castaneum either aCC or pCC or both
aCC and pCC are present in over 90% of the hemi-neuromeres of
Tc-vnd RNAi embryos indicating a variation in the requirement for
vnd in NB 1-1 and its lineage between insects (Table 1; Fig. 3F, G,
and I). We are conﬁdent that this variation is not due to differences
in the overall severity of the vnd phenotype in the two insects
since in the same T. castaneum RNAi embryos that show aCC/pCC
neurons, the U/CQ neurons cannot be detected in 96% of the cases
(Fig. 3F and G; see also Suppl. Fig. 4 for reduction of Tc-vnd
expression in RNAi embryos).
In 58% of the hemi-neuromeres analysed both aCC and pCC
were present in Tc-vnd RNAi embryos but in 29% only one Eve
expressing neuron could be detected in the position normally
occupied by aCC/pCC (Table 1; Fig. 3F, G, and I). Furthermore, in
41% of the cases where only one Eve positive neuron was present,
the normal migration to the posterior commissure of the next
anterior segment did not take place (Table 1; Fig. 3F). Migration
was also arrested in cases where both aCC and pCC were present
but to a lower percentage (15%) (Table 1; Fig. 3F and G). This
migration defect has not been described in D. melanogaster (Chu
et al., 1998; McDonald et al., 1998). We cannot exclude that the single
Eve positive cell present in 29% of Tc-vnd RNAi hemi-neuromeres
actually corresponds to the ganglion mother cell (GMC) normally
giving rise to aCC/pCC; however, we consider this unlikely because
GMCs do not migrate and migration was observed in over half of
the cases analysed (Table 1). There is also the possibility that Eve
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positive cells that are located in abnormal positions close to the
RP2 neurons are actually duplicated RP2s. In D. melanogaster vnd
mutant embryos neuroblast NB 4-2, which generates the RP2
neurons, is duplicated in about 20% of the cases resulting in
additional RP2 neurons. The duplicated neurons cluster together
with their counterparts. However, in T. castaneum vnd RNAi
embryos, the abnormally positioned Eve positive neurons are
always located anterior and several cell diameters (up 20 μm)
away from the RP2 neurons, which would argue against a
phenocopy of the D. melanogaster RP2 duplication.
The differences in the vnd mutant/RNAi phenotype in NB 1-1
and its (presumptive) progeny aCC and pCC in T. castaneum and D.
melanogaster appear to be the result of a temporal change in vnd
expression. In contrast to D. melanogaster, Tc-vnd is transiently
expressed during the formation of NB 1-1 but not after its
delamination. The functional results show that Tc-vnd activity is
not required for the formation of NB 1-1 to the same extent as in
D. melanogaster (Chu et al., 1998), rather it seems to confer
neuroblast identity, which in turn determines the correct differ-
entiation of the neuronal progeny. However, it cannot be ruled out
that the observed RNAi phenotype is (partially) due to a later
neuronal expression and direct regulation of aCC and pCC differ-
entiation by Tc-vnd, since the gene is also transiently expressed in
neurons (Suppl. Fig. 1A). However, we could not correlate Tc-vnd
expression to identiﬁed neurons. In D. melanogaster vnd is
expressed in the pCC interneuron whereas the aCC sibling does
not express the gene (McDonald et al., 1998). If we apply the
D. melanogaster model, the frequent loss of one of the aCC/pCC
siblings in Tc-vnd RNAi embryos would suggest that Tc-vnd is
normally expressed in the pCC neuron and that it fails to
differentiate properly in the absence of Tc-vnd function. Further-
more, if we assume that Tc-vnd is not expressed in aCC similar to
D. melanogaster, the migration defect of aCC and possibly pCC in
RNAi embryos must result from a lack of the early transient
expression of Tc-vnd in NB1-1.
Conclusions
We have shown here that despite the overall conservation of
the dorso-ventral expression domains of msh, ind and vnd, the
expression of these genes relative to the neuroblasts in the
respective domains has changed considerably during insect evolu-
tion. If we include these data into the recently established
T. castaneum neuroblast map (Biffar and Stollewerk, 2014), the
differences between the neuroblast expression proﬁles of D.
melanogaster and T. castaneum increase from 18 to 22 neuroblasts
(out of 30) which show different combinations of gene expression
(Fig. 4; Table 2). These data suggest that the combinatorial spatial
and temporal expression of neuroblast identity genes represents a
toolkit for evolutionary mechanisms for adapting the nervous
system to internal and external changes. On a wider evolutionary
scale, the theory can be extended to other arthropods, since
similar mechanisms seem to confer regional identity to neural
precursors in chelicerates and myriapods (Döfﬁnger and
Stollewerk, 2010). Evolutionary changes in the spatial and tem-
poral expression of neural identity genes as well as in the down-
stream regulation of genes specifying motor- and interneurons
have been described in these taxa (Döfﬁnger and Stollewerk,
2010).
However, despite the differences in the neuroblast expression
proﬁles in D. melanogaster and T. castaneum, the position of
formation as well as the ﬁnal arrangement of the Eve positive
pioneer neurons is essentially the same in both insects, except for
the additional PEL cluster. If we assume that neuroblasts in the
same relative positions generate the Eve positive neurons, we have
to conclude that none of the four neuroblasts show the same
expression proﬁle in D. melanogaster and T. castaneum. Although
NB 1-1 expresses homologues of the same genes (huckebein/vnd) in
both insects (Fig. 4; Table 2), vnd transcripts can only be detected
transiently in the T. castaneum NB 1-1. While this difference seems
to change the requirement of vnd for the formation of NB 1-1
(mainly absent in D. melanogaster (Chu et al., 1998) versus mainly
present in T. castaneum in loss of function experiments), it does not
change the identity of the early progeny. Thus, modiﬁcations in the
expression proﬁle of individual neuroblasts do not inevitably lead
to changes in the complete neural lineage. An additional example is
NB 7-1, which most likely generates the UC/Q neurons in both
insects as indicated by their absence both in D. melanogaster
(McDonald et al., 1998) and T. castaneum vnd loss of function
experiments. While NB 7-1 expresses engrailed and vnd in both
insects, D. melanogaster NB 7-1 is also positive for gooseberry-distal
expression (Fig. 4; Table 2). An additional internal buffering
mechanism is seen in the adjustment of ind expression prior to
neuroblast formation. In T. castaneum, Tc-ind expression in the
intermediate neuroectoderm commences shortly before the ﬁrst
neuroblasts delaminate. The gene is not expressed along the entire
intermediate column neuroectoderm but there is a gap in Tc-ind
expression in the anterior part of each segment so that neuroblasts
of row one and two do not express the gene. This seems to be the
ancestral pattern of ind expression in Mandibulata, since ind
Fig. 4. Comparison of the neuroblast expression proﬁles in D. melanogaster and
T. castaneum. The published neuroblast maps include the vnd, ind and msh expression
data presented here. The dashed circles indicate the neuroblasts, which generate Even-
skipped positive progeny in D. melanogaster. See text for further details.
Table 1
Affected Even-skipped (Eve) positive cells in Tc-vndRNAi embryos.
Tc-vndRNAi Total aCC/pCC present Only aCC or pCC present aCC/pCC absent U/CQ present
Eve phenotype 198 (100%) 114 (58%) 58 (29%) 18 (9%) 8 (4%)
Aberrant migration of aCC/pCC 41 (21%) 17 (15%) 24 (41%) n/a n/a
The absolute number of hemi-neuromeres, which show either presence, partial absence or absence of aCC, pCC or U/CQ neurons are presented in the row “Eve phenotype”.
Percentages are given in parentheses. 41 out of the 198 analysed hemi-neuromeres show an aberrant migration phenotype of aCC/pCC. In 17 out of 114 hemi-neuromeres
where both neurons are present migration is affected. Migration defects are more frequent in hemi-neuromeres (24 out of 58) where only one of these neurons is present.
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expression in the millipede Glomeris marginata shows the
same anterior gap of expression and is restricted to posterior
intermediate neural precursors (Döfﬁnger and Stollewerk, 2010).
Although initially in D. melanogaster all neuroectodermal cells
along the intermediate column express ind, neuroblasts of row
one and two also do not express ind at any time (Weiss et al., 1998).
The intermediate column again contains a neuroblast (NB 4-2) that
most likely generates pioneer neurons in both insects (RP2/RP2
sibling). Interestingly, potential homologues of NBs 1-1, 4-2 and 7-1
have been identiﬁed in the malacostracan crustacean Orchestia
cavemana by cell lineage studies, which revealed the same compo-
sition of pioneer neurons as in insects (Ungerer and Scholtz, 2008).
Given the importance of these pioneer neurons in establishing
the intersegmental nerves and the longitudinal tracts (Bastiani
et al., 1986; Jacobs and Goodman, 1989; Sanchez-Soriano and
Prokop, 2005), which are part of the conserved axonal scaffold of
arthropods, we suggest that internal buffering mechanisms exist
ensuring that neuroblast lineages invariantly generate pioneer
neurons over a wide range of molecular variations. Future studies
will show if the parts of the neuroblast lineages that do not
Table 2
Comparison of neuroblast position, time of formation and molecular marker expression in D. melanogaster and T. castaneum.
In a recent publication we determined the time of formation of most neuroblasts (Biffar and Stollewerk, 2014). “nd” indicates T. castaneum neuroblasts for which we could
not determine the time of formation. The bold squares indicate neuroblasts with the same marker gene expression in D. melanogaster and T. castaneum. The grey shading
indicates differences in the temporal expression of the dorso-ventral patterning genes between T. castaneum and D. melanogaster which express the same genes. Neuroblast
1-1 shows only transient vnd expression in T. castaneum, while it shows prolonged expression in D. melanogaster. Tc-ind is re-expressed in neuroblast 3-2 during late
neurogenesis, while ind expression remains switched off in the same neuroblast in D. melanogaster. See text for further details. Dm, Drosophila melanogaster; Tc, Tribolium
castaneum.
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produce pioneer neurons or neuroblast lineages that do not
produce pioneer neurons at all might be more sensitive to
evolutionary changes in gene expression and might therefore be
used as an evolutionary tool to adjust the nervous system to
different shapes and environments.
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